The change detection paradigm is a popular way of measuring visual short-term memory capacity. Using the paradigm, evidence for a capacity of about 4 independent visual objects has confirmed classic estimates based on the number of items that can be reported. Here we determine the reliability of capacity measures found by change detection. We derive theoretical predictions of the variance of the capacity estimates and show how they depend on the number of items to be remembered and the guessing strategy of the observer. We compare the theoretically derived variance to the variance estimated over repeated blocks of trials with the same observer and find close correspondence between predicted and observed variances. Further, we propose a new, unforced version of the two-alternative-choice change detection paradigm that reduces the variance of the capacity estimate substantially.
Introduction
Traditionally visual short-term memory (VSTM) capacity has been measured using the whole report paradigm where participants are required to report as many items as possible from a set of briefly presented objects (Cattell, 1885) . Sperling (1960 Sperling ( , 1963 Sperling ( , 1967 ) used letters as stimuli and found that the capacity was limited to about four or five independent items (see also Bundesen, 1990; Bundesen, Habekost, & Kyllingsbaek, 2005; Shibuya & Bundesen, 1988) . Using familiar, nameable stimuli, whole report gives a reliable and easily interpretable measure of VSTM capacity. However, several investigators have objected that the very use of verbalizable stimuli may contaminate the estimate of VSTM capacity due to contribution from verbal working memory (Olsson & Poom, 2005; Vogel, Woodman, & Luck, 2001) . Moreover, whole report is not feasible when measuring VSTM capacity for unfamiliar material. For these reasons, among others, the bulk of recent studies of VSTM capacity have used the change detection paradigm.
Change detection was developed by Phillips (1974) for investigating memory of random patterns and extended by Pashler (1988) to estimate memory for multiple objects. In Pashler's version of the paradigm, a number of unrelated stimuli are presented and the participant is asked to remember the identity and location of the items. Stimulus presentations are brief (< 500 ms) but presumable long enough that VSTM is filled up. After presentation of the memory display, a blank screen is presented for one to three seconds followed by a probe display. In half of the trials the probe display is identical to the memory display (no-change trials), and in the other half of the trials the identity of a single, randomly chosen item is changed (change trials).
R529 Change Detection 4
The participant is instructed to make a 2-alternative forced choice (2AFC) response indicating whether the two displays are identical.
In Pashler's original version of the change detection paradigm, all items in the probe display must be compared with the remembered items in VSTM. The number of comparisons was assumed not to influence the probability of recognizing the change.
However, this assumption may be too strong. Thus, several investigators have used a different approach, single-probe change detection (Cowan, 2001; Cowan et al., 2005) .
Here the probe display following the delay period only contains a single item located at a randomly chosen one of the locations previously occupied by an item in the memory display. Compared to the original version of the change detection paradigm, the use of a single probe reduces the role of comparison processes in the task.
Investigations of visual short-term memory capacity by use of change detection have flourished during the past 10 years. In line with previous whole report studies, many investigations have provided evidence for a limitation of about four independent objects (Awh, Barton, & Vogel, 2007; Luck & Vogel, 1997; Rouder et al., 2008; Todd & Marois, 2004; Vogel & Machizawa, 2004; Vogel et al., 2001 ; but see also Alvarez & Cavanagh, 2004; Bays & Husain, 2008; Eng, Chen, & Jiang, 2005) . Several studies have investigated the consistency of estimates of VSTM capacity across different types of stimulus material or different points in time. Good correspondences have sometimes been found between different estimates of VSTM capacity for the same participants (Awh et al., 2007; Scolari, Vogel, & Awh, 2008) .
As noted by Vogel and Awh (2008) , individual variations in VSTM capacity may be exploited when investigating fundamental aspects of working memory and attention.
Thus, correspondence between individual variations in cognitive and neurophysiological measures may be used to validate the latter. Similarly, both
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In this article we investigate the reliability of estimates of VSTM capacity derived from the change detection paradigm. We derive theoretical measures of the reliability of the estimates, apply the measures to new empirical data, and show how the paradigm can be optimized. Thus, we show that the reliability is highest when the display size is just above the VSTM capacity of the tested participant. We propose a new version of single-probe change detection that should further improve the reliability of the estimate of VSTM capacity. In this new version of the paradigm, participants are not forced to guess, but may respond "Don't know" when uncertain whether a change has happened or not. As we shall show, this minor change to the paradigm reduces the variance of the capacity estimate substantially.
The Variability of VSTM Capacity Estimates
The data derived from a change detection paradigm such as Cowan's (2001) version of the single-probe change detection paradigm may be reduced to an observed hit rate, ) H ( P , of detecting a change when it is present between the memory and the probe display and a false alarm rate, ) FA ( P , which is the relative frequency of erroneously responding "Change" when no change is present. From ) 
======================
The model proposed by Cowan (2001; Cowan et al., 2005 ) is shown in Figure 1 .
In this model, a participant in a single-probe change detection paradigm encodes all of the N S items in the memory display when VSTM capacity K ≥ N S , but a randomly chosen subset of K items from the memory display when K < N S . Information about the locations of the K items is assumed to be perfect so that the comparison with the probe is not affected by spatial uncertainty of neither the items in VSTM nor the probe. If K ≥ N S , the participant successfully notices that the single item in the probe display is different from the corresponding item in the memory display when a change occurs.
Likewise, the participant will also correctly identify that the probe item is identical to the item in the memory display in no-change trials.
If K < N S , the probability of successfully encoding the probed item equals K/N S . If the participant has failed to encode the probed item (which happens with probability 1 -K/N S ), the participant may guess that the probed item has changed, which happens with probability P gy . The probabilities of hits and false alarms are
and
respectively.
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From Equation 4, three predictions follow: (a) The variance of the estimate of K is inversely related to the number of trials, 2N T , (b) the variance increases strongly with the number of display items in excess of K, and (c) the variance may be minimized by having the participant adopt either a very conservative guessing strategy (P gy → 0) or an extremely liberal guessing strategy (P gy → 1). Either strategy reduces the expected
On the other hand, the variance is maximal at a value of ½(N S 2 -K 2 ) / N T when P gy = .5. Reducing the variance of K by lowering the number of items to be remembered, N S , to a value just above the true value of VSTM capacity K may be done, for example, on the basis of a short block of pilot trials where the performance of the subject is monitored around a memory set size of 3 (+/-2 items). paradigm is presented in Figure 3 . A single new parameter, P gn , is introduced; P gn is the probability that the participant will guess no ("No change") when the probed item is not encoded in VSTM. Otherwise, the model is similar to Cowan's model in Figure 1 . From the new model, the probability of hits, misses, correct rejections, and false alarms may be derived as shown in Equations 8-11,
where 0 ≤ P gy + P gn ≤ 1. The probability of responding "Don't know" in change trials is given by
, and the probability of responding "Don't know" in no-change trials is given by )
From Equations 8-11, a new estimate for VSTM capacity K may be derived:
Let the number of hits, misses, and don't-know responses on change trials be multinomially distributed with parameters N T and p = [P(H), P(M), P(?C)], and let the number of correct rejections, false alarms, and don't-know responses on no-change trials be multinomially distributed with parameters N T and p = [P(CR), P(FA),
As shown in Appendix A, the expected variance of the estimate for K given by Equation
Equation 13 implies that (a) the variance is inversely related to the total number of trials 2N T , and (b) the variance increases with the number of display items in excess of
K.
If the participant adopts a conservative guessing strategy by which both P gy and P gn tend toward zero, the variance of the new K-estimate is reduced to half the expected variance of the traditional K-estimate given by Equation 4 when participants are also using a conservative guessing strategy in the 2AFC paradigm (i.e. P gy → 0).
However, when comparing classic 2AFC change detection where subjects are free to choose their guessing strategy with the new 2AUFC paradigm where a conservative guessing strategy is stressed in the instruction, the reduction in the variance of the Kestimate can be larger than 50%. The maximal relative difference is found when P gy equals .5 in the 2AFC paradigm and both P gy and P gn are zero in the 2AUFC paradigm.
Dividing the variance estimate in Equation 13
by the variance estimate of Equation 4, the predicted ratio equals
As an example, the variance of the K-estimate in the new 2AUFC paradigm would be 33% of the variance in the 2AFC paradigm in a participant with a K value of 4 trying to remember a display with 8 memory items.
One may also ask what the benefit of the new 2AUFC paradigm would be in terms of the number of trials that has to be run given a required level of the absolute variance of the K-estimate. Assume, for example, that K = 3 and N S = 6, whereas P gy = .4 in the 2AFC but P gy = P gn = .1 in the 2AUFC. How many trials would one have to run in the two paradigms to reach a variance level in the K-estimate of .5? Inserting into Equations 4 and 13, and isolating N T , one finds that N T = 27 trials for the 2AFC paradigm and N T = 13 for the new 2AUFC paradigm. Thus, a total of about 54 trials would have to be run in the traditional 2AFC paradigm whereas the number of trials could be reduced to 26 trials in the new 2AUFC paradigm.
If the sum P gy + P gn approaches one (i.e., the participant always guesses and never uses the new third response alternative "Don't know"), the variance of K tends towards the value of Equation 4 as expected. In line with this, Equation 13 reaches its maximum value when P gy = P gn = .5. The new response introduced in the 2AUFC paradigm requires some metacognitive insight. Specifically, to use the "Don't know" response efficiently, the participant must judge whether the probed item was encoded successfully. Thus, our new paradigm should be used with caution when testing participants that are likely to have reduced metacognitive abilities (e.g., children or psychiatric or neurological patients). If these participants guesses instead of using the "Don't know" alternative, the variance of K should increase (cf. Equation 13). On the other hand, if a participant uses the "Don't know" response excessively even when the probed item is encoded into VSTM, the estimate of VSTM should be reduced compared to its true value.
Experiment 1
To test our theoretical predictions we ran two successive experiments with the same participants. In Experiment 1, the participants served in alternating short blocks of trials in three conditions: (a) 2AFC single-probe change detection with a liberal guessing strategy (2AFC-lib), (b) 2AFC single-probe change detection with a conservative guessing strategy (2AFC-con), and (c) 2AUFC single-probe change detection with a conservative guessing strategy. Conditions b and c were designed to reduce the expected variance of the estimate of VSTM capacity in relation to the variance expected in Condition a where the standard 2AFC paradigm was used.
The VSTM capacity K was estimated twice within each of these blocks, yielding a total of 10 estimates per condition in each participant. The variances of these estimates were then compared between the three conditions. Following the theoretical derivations above (cf. Equations 4 and 13), we should expect the variance of the K-estimates to be largest in the 2AFC-lib condition if participants were guessing "Change" and "No change" with the same probability of .5, second largest in the 2AFC-con condition, and smallest in the new 2AUFC paradigm.
Method

Participants
A group of 21 students served as paid participants. The experiment took approximately 1 hr to complete. The participants' mean age was 25.6 years (range 20-35). All participants had normal or corrected-to-normal vision.
Stimuli
The stimulus material consisted of colored disks with a diameter subtending 0.96° of visual angle at a viewing distance of 80 cm. Seven colors were used: red, green, blue, yellow, purple, black, and white shown on a homogenous gray background. The disks were presented on an imaginary circle with a radius of 4.8° of visual angle from a central fixation cross.
Procedure
When adequately fixating the fixation cross in the middle of the screen, the participant initiated the presentation of the memory display comprising 8 colored disks located equidistantly along the periphery of the imaginary circle. The colors of the disks were selected with replacement, with the constraint that no color could appear more than twice in the same display. The disks were presented for 200 ms followed by a 1000 ms blank interval. After the delay, a single probe item -a colored disk -was shown at one of the previously occupied locations. In half the trials, the probe disk was identical in color to the corresponding disk in the memory display. In the other half of the trials, the probe appeared in a different color chosen randomly among the remaining six colors. The task of the participant was to decide whether (a) the probe disk was identical to the disk at the same location in the memory display or (b) a change in color had occurred.
Each participant served in a total of 15 experimental blocks of 40 trials each: In the 5 blocks comprising the 2AFC-lib condition, a standard 2AFC (change/no change) response was required to the probe display and the participants were asked to "Perform the task as accurately as possible, guessing whenever unsure." In the 5 blocks comprising the 2AFC-con condition, a similar 2AFC single-probe change detection paradigm was run. Here, however, the participants were instructed as follows: "Adopt a conservative guessing strategy and respond 'Change' only when fairly certain that a change has occurred." In the 5 blocks comprising the 2AUFC condition, three different responses were allowed: "Change", "No change", and "Don't know". Also here participants were encouraged to adopt a conservative guessing strategy, only responding "Change" or "No change" when fairly certain and otherwise responding "Don't know".
Blocks of each of the three types were run in alternating order and counterbalanced across the participants using a Latin square design. Before the experimental blocks the participants were familiarized with the experimental procedure in three warm-up blocks, one block of each type.
Results and Discussion
The mean hit rates calculated across the participants were .75 (SD = .15) in the 2AFC-lib condition, .56 (.18) in the 2AFC-con condition, and .53 (.18) in the 2AUFC condition. The corresponding mean false alarm rates were .38 (.18), .19 (.14), and .13 (.13). Further, the miss and correct rejection rates in the 2AUFC condition were .032 (.044) and .34 (.12), respectively.
For each participant, estimates of VSTM capacity K and guessing rates P gy and P gn were then computed across all the trials in each of the three conditions using Corresponding theoretically predicted variances were calculated using the K, P gy and P gn from all 200 trials in each condition as plug-in estimates. Thus the estimates of the K, P gy and P gn parameters used to compute the predicted variances were not dependent on the observed variances computed across the 10 subblocks.
The average results across participants for both observed and predicted variances of K are shown in Figure 4 . A repeated measures ANOVA on the observed variances yielded a significant effect of experimental condition, F(2,59) = 9.6736, p < .0001, η p 2 = .247, p rep > .993. Pairwise comparisons showed significant difference between the 2AUFC condition and each of the two 2AFC conditions.
We calculated the goodness-of-fit as the correlation between individually observed and predicted variances of the K-estimates. The correlation was found to be .65. Estimating the variance of an estimate is inherently difficult, so we ran Monte Carlo simulations using the individually estimated values of K, P gy , and P gn across all trials to compare our observed measure of goodness-of-fit to the distribution of predicted correlations given the present sample of participants in the experiment and the number of trials run (using Equations 3, 4, 12, and 13). The expected correlation in the Monte
Carlo simulations was found to be equal to .61 with a standard deviation of .059, very close to our observed correlation between predicted and observed variances of K .
A closer look at the estimates of the guessing probability in the 2AFC-lib condition showed that the P gy values varied considerably from participant to participant, ranging from .188 to .967. Thus, though all participants showed a decrease in P gy between the 2AFC-lib and the 2AFC-con conditions, the change in guessing strategy of several participants moved the guessing probability closer to a value of .5 in the 2AFC-con condition. According to Equation 4, this should mask the effect of manipulating the guessing strategy between the 2AFC-lib and 2AFC-con conditions. 
Stimuli
The stimulus material was the same as the one used in Experiment 1.
Procedure
Except for the following details, the procedure was the same as in the first experiment: In Experiment 2, the number of stimuli (colored disks) in the memory display was either 6, 8, or 12. Ten blocks of 60 trials, each comprising 20 trials per display size, were run in a single session of about 1 hr. In all ten blocks, the participants were required to respond as accurately as possible, guessing whenever unsure, in accordance with the standard 2AFC change detection paradigm. Before the ten experimental blocks, a single warm-up block was run.
Results and Discussion
The mean hit rates across participants were . The goodness-of-fit was calculated as the correlation between individually observed and predicted variances of the K-estimates and equalled .77. We ran Monte
Carlo simulations using the individually estimated values of K and P gy across all trials to compare our observed measure of goodness-of-fit to the distribution of predicted correlations given the present sample of participants in the experiment and the number of trials run (using Equations 3 and 4). The expected correlation in the Monte Carlo simulations was found to be equal to .78 with a standard deviation of .051, again very close to our observed correlation between predicted and observed variances of K .
Finally, we compared estimates of VSTM capacity K between Experiments 1 and 2 in the standard 2AFC change detection condition with 8 items to be remembered. This gave us an estimate of the reliability of the estimates when tested on different days in the same participant. The correlation coefficient between the two estimates of K when 8 stimuli were to be remembered was .87 (t(18) = 7.609, p < .0001, d = 3.587, p rep > .999). A paired t test yielded no significant difference between the estimates from the two experiments, t(19) = .0277, p = .978.
Despite the high correlation found both within Experiment 1 and between the two experiments, we would like to emphasise that there is always a relative benefit of reducing the variance of K using the new 2AUFC paradigm. The absolute reduction in the variance of K may not be large when many trials are run, as was the case when estimating K across all the 200 trials in Experiments 1 and 2. However, it is generally desirable to reduce the number of trials per condition to a minimum so that further conditions may be included in an experiment. Also, at the individual level, getting more precise estimates of K by minimizing the variance of K is an important consideration.
General Discussion
Summary
In this article, we first derived closed-form formulas for the theoretical variance of estimates for VSTM capacity K in standard single-probe change detection. The theoretically derived values of the variance closely predict corresponding observed variances in K when measured repeatedly in the same individual.
Second, we showed that the variance of estimates of K can be reduced by about 50% by using a new 2-alternative unforced choice version of the single-probe change detection paradigm. In this new paradigm, the participant is not forced to respond "Change" or "No change", but is allowed to refrain from guessing by responding "Don't know".
Third, we showed that the guessing strategy of the participants influences the variance of K in the standard single-probe change detection paradigm. The variance was minimized when participants adopted a conservative guessing strategy and maximized when participants guessed "Change" and "No change" with equal probabilities.
Finally, we manipulated the number of items to be remembered in single-probe change detection and showed that the variance of the estimates of K increased strongly with the number of items to be remembered. The increase in the variance of K with memory set size was again very well predicted by our theoretical derivations.
Recommendations
Three straightforward recommendations to optimize the reliability when measuring VSTM capacity by change detection follows from the present work: (a) Use the new 2-alternative unforced paradigm rather than a standard 2-alternative forced choice change detection paradigm, (b) use a memory set size which is as small as possible, though above the VSTM capacity of the participant, and (c) instruct the participant to adopt a conservative guessing strategy, only responding "Change" or "No change" when fairly certain that the response is correct.
Extensions
Our methods of analysis can be extended to other paradigms than change detection. A case in point is the change localization paradigm introduced by Luck and
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Change Detection 22 his collaborators (e.g., Gold et al., 2006, Experiment 5) . In this paradigm, one of N S items changes on each trial and the participant must report which item changed, guessing whenever unsure. By the model proposed by Gold et al. (2006) , the probability of correct report, p, equals (K + 1)/N S . This model makes the strong assumption that all items in VSTM are compared with the corresponding items in the changed display without any errors being made. When the assumptions of the model are satisfied, K can be estimated by 1
, where p is the observed proportion of correct responses. By the methods of analysis employed in this article, the variance of this estimate for K can be shown to equal
where N is the total number of trials. Thus, the variance of the estimate for K is comparable to the variance obtained with our 2AUFC single-probe change detection paradigm when the total number of trials (given by N and 2N T , respectively) is the same for the two paradigms and guessing rates are low in the change detection paradigm.
Appendix A
Variances of the Estimates of VSTM capacity K in 2AFC and 2AUFC
Single-Probe Change Detection
The variance of the estimate K of VSTM capacity K can be derived if we assume that the number of hit trials out of a total of N T change trials is binomially distributed with parameters n = N T and p = P(H), and the number of false alarm trials out of N T nochange trials is binomially distributed with parameters n = N T and p = P(FA).
]
The variance of the estimate of VSTM capacity, K, in 2AUFC single-probe change detection can be derived in a similar way. From 
The expected values of the estimate for VSTM capacity K in 2AUFC single-probe change detection can be derived in a similar way. From transformed to stabilize the variances before the ANOVAs were performed (see Winer, Brown, & Michels, 1991, pp. 354-358) .
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